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Abstract 
Direct displacement based design (DDBD) has been widely applied in several structural systems including moment resisting 
frame (MRF), the most common type of structures used in design practices. Due to architectural demand, recently many 
buildings involving some out-of-plane offset of frames in MRF system. The existence of out-of-plane offset in frame system 
raises differences force distribution among frames compared with the regular one without the offset. This study will observe the 
effect of out-of-plane offset of frame in a concrete regular MRF designed using DDBD method for two different earthquake 
level. Nonlinear time history analysis is used to verify the structural performance based on three parameters: story drift, damage 
indices and structural failure mechanism. The offset frame is assumed to be in-plane with the adjacent frame, the existence of 
offset is ignored, and the structure is designed as a regular MRF. The study shows that the main structural problem arises from 
the beams at the offset area due to high shear demand. DDBD procedure enable to adjust the ductility demand of these beams in 
order to improve the structural performance without involving design repetition as usually done in traditional seismic resistant 
design. In conclusion, DDBD performed well in predicting the seismic demands of the MRF system with out-of-plane offset of 
frame. The existence of offset frames in MRF system can be ignored during the design process as long as the ductility demands 
of beams at the offset area is well adjusted.   
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Moment resisting frame (MRF) is the most common choice as lateral load resisting system in earthquake resistant 
design. MRF responds to earthquake forces through bending and shear action in frames connected by a rigid 
connection. A regular MRF system usually consists of some frames arranged orthogonally in two direction 
perpendicular to each other. However, due to architectural demands, many MRF systems involving some out-of-
plane offset among their frames. As the result, the force distribution among frames in the offset area becomes 
different from the regular frames and potentially raises stress concentration.  
On the other hand, direct displacement based design (DDBD) method has been proven to work well in many type 
of structures including MRF systems [1], [2]. DDBD has been recommended as a more rational and relevant 
approach to seismic design of structures compared to traditional force based design [3]. DDBD consists of several 
steps starting with the estimation of the seismic deformation of an inelastic single degree of freedom (SDOF) system 
by representing the first (elastic) mode of vibration of the multi degree of freedom (MDOF) system. The period and 
damping of  this nonlinear system are determined by the secant stiffness in order to obtain the total base shear. It 
must then be combined with capacity design procedures to ensure that plastic hinges occur only at the intended 
locations, and that non-ductile modes of inelastic deformation do not develop. These capacity design procedures 
must be calibrated to the DDBD approach according to [3]. 
DDBD on regular MRF systems distributes the total base shear throughout the height of structure with 
assumption each frame withstand equal load distribution. In the case of MRF with out-of-plane offset of frame the 
load distribution becomes questioned. Therefore the objective of this study is to observe the effect of out-of-plane 
offset of frame in a regular MRF system designed using DDBD method. To simplify the problem, it is assumed that 
the existence of offset is ignored and the system is designed as a regular MRF based on Indonesian seismic code [4]. 
The targeted structural performance is defined by the two and a half percent of story drift, damage control condition 
for the member rotation, and plastic collapse mechanism, i.e. beam side sway mechanism. 
2. Direct Displacement Based Design Procedure 
In DDBD method, the multi degree of freedom (MDOF) system is transfered into a substitute structure in a single 
degree of freedom (SDOF) system model. The target design displacement is determined based on the limitation of 
material strain and story drift. This procedure is summarized in Fig.1, and elaborated in subsequent section based on 
[3]. 
 
 
Fig. 1.SDOF Modeling in DDBD 
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Step 1: Determine the displacement design at each story 'i based on the mode shape defined by eq.(2) 
proportionally to critical story displacement 'c and the mode shape at the critial storey level Gc following: 
¸¸¹
·
¨¨©
§ ' '
c
c
ii GG    (1) 
n
i
i H
H G    for n d 4   ;   ¸¸¹
·
¨¨©
§ ¸¸¹
·
¨¨©
§ 
n
i
n
i
i H
H
H
H
4
1
3
4G for n > 4  (2) 
where n is the number of story, Hi is the elevation of story i, and Hn is the total height of the building. Then the 
design displacement 'd, the effective mass me and the effective height he of substitute structure are calculated from: 
   ¦¦   '' ' ni iini iid mm 11 2 /    (3) 
  dni iie mm '' ¦ 1 /    (4) 
   ¦¦   '' ni iini iiie mHmH 11 /    (5) 
where mi is the mass of story-i. 
Step 2: Control the target design displacement 'i,Z in each story to higher mode effect by modifying the target 
design displacement 'i with amplification factor ZT through: 
ii ' ' ., TZ Z    (6) 
0.10034.015.1 d nHTZ    (7) 
Step 3: Calculate the equivalent viscous damping level [eq based on the structural displacement ductility P 
defined by: 
yd '' /P    (8) 
Yield displacement 'y and yield rotation Ty are found using: 
eyy H.T '    (9) 
bbyy HL /.5.0 HT     (10) 
where Lb and Hb are beam span and  beam depth respectively.  Then the equivalent viscous damping is found using: 
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Step 4: Define the effective period at the peak displacement using the design displacement in Step 1 for the 
damping level calculated in Step 3. From the design displacement spectrum, Te can be generated from eq.(11) using 
reduction factor for the associated damping given in eq.(12) as follow: 
5.0
02.0
07.0 ¸¸¹
·
¨¨©
§
 [[R    (12) 
d
d
e TT
['
'    (13) 
where Td is the corner period, '[ is the displacement demand for the equivalent viscous damping level [eq.  
Step 5: Calculate the effective stiffness ke of the SDOF system and the design base shear Vbase using: 
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debase kV ' .    (15) 
Step 6: Distribute the design base shear throughout the height of the building using equations: 
 »¼º«¬ª '' ¦  ni iiiibasei mmVF 1/9.0 for stories other than roof  (16) 
 »¼º«¬ª '' ¦  ni iiiibasebasei mmVVF 1/9.01.0 for roof level  (17) 
Step 7: Controlthe P-' effect using the stability index T' using: 
d
d
M
P
' 'T    (18) 
If the stability index T'd 0.1 then use the design base shear from eq.(15), but if  T'> 0.1 then the eq.(15) should be 
modified into: 
d
d
debase M
PCkV
'' .    (19) 
where C = 0.5 for concrete structure, P is building weight, Md is the total over turning moment, and H is the height 
of the structure. 
Step 8: Conduct capacity design procedure as proposed by Priestley et.al in [3]. 
3. Case Study 
A six story concrete MRF system with two out-of-plane offset of frame (axes 2 and 3 in Fig.2(a)) with typical 
plan, and  typical story height of 4m is chosen as case study. The building is assumed to be on site class E regarding 
to [4]. The design response spectra are shown in Fig.2(b), represents low and high seismicitiy level in Indonesia 
(EQ1 and EQ2). Each structure is designed according to DDBD procedure by ignoring the existence of the offset. 
Frames 2A and 2B are merged into one frame as well as frame 3A and 3B. Thus there are four frames in x-direction 
and six frames in y-direction. The total base shear is distributed equaly for four  and six frames in x– and y–direction 
respectively. Concrete and steel strengths are 25 MPa and 400 MPa respectively. The internal forces are generated 
by ETABS [5]. The target design story drift is set 2.5%, and the target member rotation is set within the damage 
control condition which is ranged from 0.2 to 0.4 times the rotation capacity of each member (i.e. beams and 
columns).  
The structural performance isverified using the exact method nonlinear time history analysis conducted by 
SeismoStruct V.6.5 [6] with the consistent ground acceleration spectrum shown in Fig.2(b) (EQ1 and EQ2), 
modified from N-S component of El-Centro 1940. The modification is achieved using Seismomatch [7]. Moment-
rotation relationship is modeled as biliner using Cumbia [8]. The acceptance criteria for evaluating structural 
performance are based on damage control condition (consistent with the target design performance) involving some 
parameters including story drift, damage indices, and plastic collapse mechanism of the structure. 
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(a)       (b) 
Fig. 2.(a) building plan (b) design response spectrum 
4. Results and Discussion 
4.1. Direct Displacement Based Parameter 
The design parameters resulted from DDBD procedure including the force distribution are shown in Table 1 and 
2.  
Table 1.DDBD parameters. 
Design Parameter 
EQ1 EQ2 
x-dir y-dir x-dir y-dir 
Design displacement, 'd (m) 0.347 0.347 0.351 0.351 
Effective mass, me (tons) 4929 4929 4580 4580 
Effective height, He (m) 16.55 16.55 16.77 16.77 
Ductility demand, P 2.54 2.38 2.85 2.61 
Effective damping (%) 0.16 0.15 0.17 0.16 
Period (s) 3.99 3.94 2.40 2.37 
Effective stiffness, Ke (kN/m) 12,198 12,528 31,283 32,274 
Base shear, Vbase (kN) 4234 4349 10,972 11,319 
P-' effect Considered Considered Considered considered 
Base shear, Vbase (kN) consideraing P-' effect 4836 4950 11,528 11,876 
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Table 2.Story force distribution in each frame (kN). 
Story 
EQ1 EQ2 
x-dir y-dir x-dir y-dir 
6 388 265 977 671 
5 244 166 570 391 
4 205 140 480 330 
3 180 123 415 285 
2 126 86 290 199 
1 66 45 151 104 
Total 1209 825 2882 1994 
4.2. Beams and Columns Dimension 
The detailed structural dimension are shown in Table 3. These dimensions are resulted from the ductility demand 
of the member (eq.(8) – (10)) in order to achieve the displacement design. There is significant difference between 
structures in low- (EQ1) and high-seismic region (EQ2) during the design process. For EQ1 structure, DDBD able 
to predict the seismic demand effectively. The dimension resulting from the first design cycle has performed well 
under time history analysis. No design repetition is required.  In contrast, structure under EQ2 needs several 
adjustment in order to achieve the ductility demand. The main problem arises from the beams at the offset area due 
to high shear demand (see Fig.2(a) denoted by black color). DDBD procedure enable to adjust the ductility demand 
of these beams in order to improve the structural performance without involving design repetition as usually done in 
traditional seismic resistant design. By reducing the beam dimension from 600 x 1000 mm2 to 600 x 600 mm2, the 
beam stiffness becomes lower and the rotation capacity (as well as the ductility capacity) increased. As the result 
plastic hinges occur at these beams, and the structure able to maintain its safe plastic mechanism. 
Table 3.Dimensions. 
Member Location Low Seismicity (EQ1) High Seismicity (EQ2) 
Main Beam (mm) 
x-direction 500 x 800 500 x 900 
y-direction 
600 x 1000 
6000 x 1000 
y-dir. Offset Area 600 x 600 
Column (mm) 
Story 1 - 3 900 x 900 1000 x 1000 
Story 4 - 6 600 x 600 800 x 8000 
4.3. Story Drift 
Fig.3 shows the story drift ratio resulted from nonlinear time history analysis (NLTHA) compared with the 
design drift ratio (predicted by DDBD method) and the 2.5% story drift limitation. Clearly seen that DDBD able to 
predict well the story drift demand of the structure. All structures experience story drift less than 2.5%. Further, the 
drift pattern in both direction is consistent with the design drift (denoted by the dotted line in Fig.3) except at the 
first story due to yielding at the base columns. Thus, the existence of out-of-plane offset of frame does not affecting 
the drift performance as long as the assumption of rigid diaphragm is well maintained. Although base columns 
yielding leads to excessive story drift at the first story, building still experiences safe plastic collapse mechanism.  
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Fig. 3.Story drift 
4.4. Damage Index 
Damage index is a parameter to measure the level of damage of structural member. It is defined as the rotation 
demand divided by the available rotation  capacity which can be calculated using: 
yu
ynDI TT
TT

    (20) 
where Tn is the rotation occured at the member, Ty and Tu are the yield- and ultimate-rotation of the member. Table 4 
shows the maximum damage indices of beams and columns of the observed structure resulting from NLTHA. Only 
beams in low seismicity region (EQ1) reach the damage control condition while in high seismicity region (EQ2) 
they are in serviceability limit state. It seems that the beam dimension in EQ2 are too big due to the high ductility 
demand. It is noted that the use of different size of beams at the offset area do not affecting the damage index of the 
other beams except the shear demand at the offset area. The more detailed results of the damage indices and the 
plastic hinge locations can be found in [9]. 
Table 4.Maximum damage indices for beams and columns 
Element Direction EQ1 EQ2 
Beams x 0.26 (damage control) 0.12 (serviceability) 
y 0.32 (damage control) 0.11 (serviceability) 
Columns x 0.09 (first yield) 0.05 (first yield) 
y 0.08 (first yield) 0.09 (first yield) 
5. Conclusion 
Based on the results of this study it can be concluded that DDBD performed well in predicting the story drift 
demand of a regular MRF system with out-of-plane offset of frame. The existence of offset can be ignored and the 
frame is designed as a regular in-plane frame. Especially for highly seismic region, it should be noted that the 
potential problem may arises from beams at the offset area due to high shear demand. To overcome this problem, 
those beams should be designed to be more ductile by increasing its rotation capacity. 
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